Background: RNA protein granules regulate mRNA translation and are involved in neurodegeneration. Results: Induction of RNA protein granules by G3BP1 or IMP1 changes the amount of long and short tau mRNA and protein.
The neuronal microtubule-associated protein Tau is expressed in different variants, and changes in Tau isoform composition occur during development and disease. Here, we investigate a potential role of the multivalent tau mRNA-binding proteins G3BP1 and IMP1 in regulating neuronal tau expression. We demonstrate that G3BP1 and IMP1 expression induces the formation of structures, which qualify as neuronal ribonucleoprotein (RNP) granules and concentrate multivalent proteins and mRNA. We show that RNP granule formation leads to a >30fold increase in the ratio of high molecular weight to low molecular weight tau mRNA and an ϳ12-fold increase in high molecular weight to low molecular weight Tau protein. We report that RNP granule formation is associated with increased neurite formation and enhanced process growth. G3BP1 deletion constructs that do not induce granule formation are also deficient in inducing neuronal sprouting or changing the expression pattern of tau. The data indicate that granule formation driven by multivalent proteins modulates tau isoform expression and suggest a morphoregulatory function of RNP granules during health and disease.
Human TAU protein is encoded by a single gene located on chromosome 17q21 (1) . By alternative splicing, six isoforms are produced in the central nervous system with apparent molecular masses between 50 and 70 kDa ("low molecular weight" (LMW) 3 TAU). Additional isoforms of ϳ120 kDa ("high molecular weight" (HMW) TAU) are expressed in the peripheral nervous system. Mutations, which shift the splicing of TAU toward longer LMW TAU isoforms, can cause frontotemporal dementia (2) , and altered TAU isoform composition has been observed in patients with Alzheimer disease (3) . Tau mRNA contains a long 3Ј-untranslated region (3ЈUTR), suggesting a notable regulation of tau expression on the mRNA level. In fact, several RNA-binding proteins (RBPs), including ras-GAP Src homology 3 domain-binding protein 1 (G3BP1) and insulinlike growth factor II mRNA-binding protein 1 (IMP1, also known as IGF2BP1, zipcode binding protein 1 (ZBP1), coding region determinant-binding protein (CRD-BP), and VICKZ family member 1 (VICKZ1)) have been identified to bind to the 3ЈUTR of the tau mRNA (4) . Both G3BP1 and IMP1 have also been identified as components of ribonucleoprotein (RNP) granules (5) .
RNP granules are dynamic, cytosolic, and nonmembranous assemblies of RNAs and proteins, which are involved in translational regulation and mediating mRNA stability (6) . They represent subcellular microcompartments that concentrate multivalent macromolecules and control interactions and chemical reactions in response to biological cues (7) . RBPs, which have been identified in RNP granules, frequently contain proteinprotein interaction domains indicating that reversible low affinity protein-protein interactions are hallmarks of dynamic RNP granules (8) . Such interaction domains might include low complexity (LC) regions, which are defined as amino acid sequences with low information content (9) . Multiple LC regions are often found in proteins that nucleate RNP granules (8) . More generally, proteins containing LC regions tend to have more interactions than those without thus placing them in the "hub" of signal transduction mechanisms due to their ability to bind several different targets (9) . Another interaction domain, which is present in multiple copies in several proteins, is the K homology (KH) domain. KH domains are present in a wide variety of nucleic acid-binding proteins, where they bind RNA and can function in RNA recognition (10) . Increased formation of RNP granules is a conspicuous feature of several neurodegenerative diseases, including amyotrophic lateral sclerosis, Huntington disease, and some spontaneous cases of Alzheimer disease (11) . Thus, inappropriate formation or persistence of RNP granules might be related to pathogenesis. However, the influence of RNP granules on cellular metabolism is largely unknown.
The tau mRNA-binding proteins G3BP1 and IMP1 represent typical multivalent RBPs. G3BP1 is highly expressed in neurons and is present in stress granules. It contains an RNA recognition motif (RRM) and four LC regions ( Fig. 1A) . Deficiency of G3BP1 in KO mice results in abnormal synaptic plasticity indicating a link to the control of neuronal function (12) . IMP1 belongs to a conserved family of RNA-binding proteins and contains two RRMs and four KH domains. IMP1 is present in a class of neuronal RNP granules that have been termed "transport RNPs" (13) . IMP1 KO results in global systemic effects such as general growth retardation of mice (14) .
We reasoned that RNP granule formation could influence the expression pattern of tau because several tau mRNA-binding proteins are components of RNP granules. Previous findings had shown that the expression of tau isoforms changes during development and is different in neurons of the peripheral versus the central nervous system. Furthermore, changes in the expression of LMW tau isoforms suffice to cause tauopathies. Thus, modulation of tau expression by RNP granules could be very relevant for developmental, neurodegenerative, and regenerative events. To our knowledge, this is the first report that shows that induction of RNP granules modulates the amount of different tau mRNA and protein isoforms linking RNP granule formation to mechanisms that control tau expression on the mRNA level.
EXPERIMENTAL PROCEDURES
Constructs and Materials-Eukaryotic expression plasmids for human G3BP1, G3BP1-N(1-255), G3BP1-C(255-466), human IMP1, IMP1-RRM(1-187), and IMP1-KH(187-580) with amino-terminally fused EGFP, mCherry, or PAGFP tags, and 3ϫPAGFP and fPAGFP as controls, were constructed in pRc/cytomegalovirus (CMV)-based expression vectors (Invitrogen) containing a CMV promoter and kanamycin and neomycin resistance genes. Starting vectors with the G3BP1 and IMP1 sequence were provided by Irith Ginzburg (Weizmann Institute, Israel). IMP1 amino-terminally fused to PAGFP was cloned into the lentiviral vector L26 FSy(1.1)GW (provided by P. Osten, Northwestern University, Chicago), which contains the neuron-specific promoter synapsin 1 (15) . Sequences that were introduced by PCR were verified by DNA sequencing. MitoDsRed was constructed by inserting the mitochondrial targeting sequence of human COX VIII in-frame into the pDsRed-N1 vector (Clontech). The COX amino-terminal amino acid-coding sequence was amplified by PCR using the following primers: forward 5Ј-gtagtcgaccatgtccgtcctgacgccgctgctg-3Ј and reverse 5Ј-gaccggtggatcccccaacgaatggatcttggcgcgcggcactg-3Ј). Templates for riboprobe synthesis (FISH, Northern blot) were generated with primer pairs (Biomer) binding to either HMW tau (forward 5Ј-aaccgcagaaggtcgagattttctcacaaa-3Ј and reverse 5Ј-ctttaagttgaggaacccgactgactggcctcc-3Ј) or LMW tau (forward 5Ј-ctgaagaagcaggcatcggagacacccc-3Ј and reverse 5Ј-cttgccgcctcccggctggtgc-3Ј). Probes were synthesized by in vitro transcription utilizing the digoxigenin RNA labeling kit (Roche Applied Science). For mRNA detection, a 45-mer oligo(dT) primer labeled with digoxigenin at the 3Ј end was used (Biomer). The following antibodies were used: anti-Tau (mouse, Tau-5; Pharmingen); anti-GFP (rabbit; Invitrogen); anti-tubulin (mouse, DM1A; Sigma); anti-actin (mouse; Calbiochem); anti-digoxigenin (Dianova); anti-G3BP1 (rabbit, Millipore); anti-IMP1 (mouse, D-9; Santa Cruz Biotechnology); peroxidase-, Cy3-, Texas Red-, and Alexa Fluor 488-conjugated anti-mouse and anti-rabbit antibodies (Jackson ImmunoResearch).
Cell Culture-PC12 cells were cultured in 15% serum/ DMEM as described previously (16) . For induction of neuronal differentiation, the medium was switched to 1% serum/DMEM with 100 ng/ml 7 S mouse NGF (Alomone Laboratories) for 4 days. For morphological analysis, medium was switched to 1% serum/DMEM and culture continued for 24 h in the absence of NGF or 2 days in the presence of NGF. Transfections of PC12 cells were performed with Lipofectamine 2000 (Invitrogen) as described previously (17) . Stable lines were generated by selecting individual clones in the presence of Geneticin as described previously (16) . Primary cortical cultures were prepared, cultured, and infected with lentivirus as described previously (18) .
Live Cell Imaging, Fluorescence in Situ Hybridization, and Immunocytochemistry-For live cell imaging, cells were plated on 35-mm polylysine-and collagen-coated glass-bottom culture dishes (MatTek Corp.). Before imaging, the medium was exchanged against DMEM without phenol red. Photoactivation and live imaging were performed on a laser scanning microscope (Eclipse TE2000-U inverted; Nikon) equipped with argon (488 nm), helium/neon (543 nm), and blue diode (405 nm) lasers. Activation and automated image acquisition was performed as described earlier (19) . Immunocytochemistry was performed as described previously (20) . Fluorescence in situ hybridization with digoxigenin-labeled oligonucleotide probes was performed as described previously (21) . Cells were transfected with MitoDsRed for tracking of mitochondria. Tracking was performed as described previously (22) .
qRT-PCR-Total-RNA isolated from transfected PC12 cells was treated with DNase I (Invitrogen) according to the manufacturer's instructions and used as a template for cDNA synthesis (SuperScript III Reverse Transcriptase, Invitrogen). qRT-PCR was conducted according to standard protocols using DyNAmo ColorFlash SYBR Green qPCR kit (Biozym, Hessisch Oldendorf, Germany) and an iCycler iQ Real Time PCR System (Bio-Rad). To ensure isoform-specific priming, we used an exon junction spanning forward primer with respect to LMW tau. The corresponding sequences were as follows: GGCATGTGACTCA-AGCTCGAG (LMW tau, forward) and ATCTTCGCCCCCGT-TTTGCCA (LMW tau, reverse); AGATCCCAGAAGGCACC-ACAG (HMW tau, forward) and AAATCTCGACCTTCTGC-GGTT (HMW tau, reverse). Actin was used as reference gene. Data were evaluated as described previously (23) based on three individual, biological replicates, each consisting of three technical replicates.
miRNA Interaction Prediction-miRNA interaction prediction used a database of known and predicted mature miRNAs (24) . The reverse complement was aligned based on Smith-Waterman algorithm (25) to the rat tau mRNA. Alignments that resulted in less than seven successive nucleotide (nt) matches were discarded. To predict interactions across exon junctions, a library of 20-nt-long fragments covering the exon borders was generated, and the alignment with the reverse complemented mature rat miRNAs was performed. Alignments with less than six successive nt matches were discarded. To ensure binding across junctions, the alignments had to cover the two neighboring nts of the exon border.
Other Methods-Cell lysates were prepared in RIPA buffer containing protease inhibitors as described previously (16) . Protein concentration was determined using a bicinchoninic acid protein assay kit (Pierce). Western blot analysis after separation on 10% polyacrylamide gel and quantification of the blots were performed as described previously (26) . RNA preparations were performed using the peqGold total RNA kit (Peqlab). Northern blots were conducted according to standard protocols using total RNA (15 g per lane) and a hybridization temperature of 66°C. Relative band intensity in relation to the loading control (rRNA) was assessed by densitometric analysis using a VersaDoc 4000 imaging system (Bio-Rad) and Quantity One software, version 4.6.9. Digoxigenin labeling was performed using a digoxigenin RNA labeling kit (Roche Applied Science). Lentivirus was prepared as described previously (18) .
Statistical analysis among experimental groups was performed using Student's t test. p values are *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
RESULTS

Expression of G3BP1 and IMP1 Induces the Formation of Persistent but Dynamic Neuronal RNP Granules-To scrutinize
the role of RNP granules in neuronal metabolism, we first asked the question whether G3BP1 and IMP1 could induce the formation of authentic RNP granules in neuronal cells and whether multiple interaction domains are involved. According to SMART (Simple Modular Architecture Research Tool) analysis (27, 28) , G3BP1 contains a nuclear transport factor 2 domain, a single RRM, and four LC regions (Fig. 1A) . In agreement with previous observations in non-neuronal cells (29) , expression of EGFP-tagged human G3BP1 induced the formation of micrometer-sized granules in the cytosol of PC12 cells with some variation in their size ( Fig. 1B) . G3BP1 deletion constructs, each of which contained only two LC regions (G3BP1-N and G3BP1-C; see Fig. 1A ), were deficient inducing granule formation. They quickly dissipated in the cells, as revealed by photoactivation experiments using photoactivatable GFP(PAGFP)-tagged proteins (Fig. 1C, left panel) . This indicates that multimerization of several LC regions is required for the nucleation of granules. IMP1 contains only a single LC region but two RRMs and four KH domains (see Fig. 1A ). Expression of EGFP-tagged human IMP1 also induced the formation of granules in PC12 cells, which had similar mean and median volumes as G3BP1-induced granules (Fig. 1B) . A deletion construct containing only the two RRMs (IMP1-RRM) failed to nucleate granules, whereas a construct containing the KH domains and the LC region (IMP1-KH) induced granule formation similarly to the full-length construct (Fig. 1C, right  panel) . The data are in agreement with a previous study in nonneuronal cells, which demonstrated the requirement of at least two KH domains for the induction of RNP granules (30) .
Evidence exists that at least some populations of RNP granules associate with the cytoskeleton and that microtubules serve as tracks for their transport (5) . To characterize the mobility of the granules, we performed tracking experiments ( Fig. 2A, left panel) . We observed a very similar speed of granules, which had been induced by G3BP1 or IMP1. Both types of granules were significantly less mobile than mitochondria ( Fig.  2A, right panel) . To determine a potential involvement of microtubules, we treated the cells with the microtubule-depolymerizing drug colchicine before tracking was performed. Colchicine induced a marked disturbance of microtubule organization and integrity in the cells (Fig. 2B, left panel) and caused a significant increase in the mean displacement of the granules (Fig. 2B, right panel) . The data indicate that granules, which had been induced by G3BP1 or IMP1, are anchored to the microtubule network in PC12 cells. Previously, it has been reported that microtubule depolymerization reduced the average velocity of stress granules in HeLa cells (31) . Most likely, the apparent discrepancy in our experiment is due to the fact that epithelial cells are flatter than PC12 cells and that analysis is performed in the x-y direction.
RNP granules contain a set of different proteins and RNAs, concentrate components in the absence of membranes, and are persistent but still dynamic structures. To determine whether IMP1 and G3BP1 are present in the same granules and whether components shuttle between granules, we coexpressed mCherry-tagged IMP1 and PAGFP-tagged G3BP1 and photoactivated PAGFP-G3BP1 in part of the cell (Fig. 3A ). IMP1 and G3BP1 completely co-localized in the photoactivated region (Fig. 3A, dashed squares) indicating that both proteins are present in the same granules. More importantly, fluorescent G3BP1 appeared in IMP1-positive granules outside of the activation region within some seconds (Fig. 3A , arrowheads) indicating dynamic exchange of G3BP1 between granules. To confirm the presence of mRNA in the granules, we performed combined fluorescence in situ hybridization (FISH) using an oligo(dT) probe and immunofluorescence staining against exogenously expressed IMP1. We observed concentration of mRNA in the granules of IMP1-expressing cells (Fig. 3B,  arrowheads) . IMP1 containing RNP granules had been reported to have a distinct protein composition compared with other types of granules (32) . To determine whether the endogenous proteins also co-localize, we performed double immunofluorescence stainings for G3BP1 and IMP1 in fixed cells. We observed that both proteins exhibit a homogeneous distribution in the cytosol of PC12 cells (Fig. 4A, top panel) . Induction of stress by treatment with arsenite induced the formation of granules, in which G3BP1 was concentrated (Fig. 4A, bottom panel) . Some IMP1 co-localized with granules; however, the majority remained soluble. PAGFP-IMP1 recruited endogenous G3BP1 to the gran- . Distribution of 50% of the population is represented by the box; whiskers indicate the range. Speed is calculated from the total trajectory length divided by the period of time a granule was continuously recorded. The mean speed of both types of granules was significantly different from the speed of mitochondria. B, fluorescence micrographs showing the distribution of PAGFP-tagged G3BP1 or IMP1 (green) and microtubules (red) in control or colchicine (colch.)treated cells. Cells were differentiated for 4 days with NGF, treated without or with colchicine (10 M for 30 min), fixed, and stained. The enlarged region, which is indicated by the dashed square, shows the disruption of microtubule structure after colchicine treatment (right panel). Nuclei were stained using DAPI (blue). Bar diagrams to the right show the difference in mean displacement radii of cells that have been pretreated with colchicine compared with untreated controls (n ϭ 754 -2881 granules per experimental condition). Statistical analysis was performed using Student's t test. ***, p Ͻ 0.001. Scale bars, 10 m.
ules, although PAGFP-G3BP1 did not recruit endogenous IMP1 (Fig. 4, B and C) . Thus, the data indicate that IMP1 and G3BP1 are able to localize to the same RBP granules but that the two proteins have distinct properties with respect to recruiting other components to granules.
To determine whether the formation of similar granules can also be induced in primary neurons, we expressed PAGFP-IMP1 using a lentiviral vector in cultured cortical neurons prepared from embryonic mice. We observed the formation of many granules in the cell body and processes of the neurons (Fig. 5A, left panel) . Live cell imaging revealed that the granules were persistent over time and only slowly moving (Fig. 5A, right  panel) , which is similar to what we had observed in PC12 cells. Tracking revealed that the speed of the granules was even lower than the speed of the granules in PC12 cells (Fig. 5B) .
Taken together, the data indicate that expression of exogenous G3BP1 or IMP1 in neuronal cells induces the formation of structures, which fulfill the criteria for neuronal RNP granules as follows: (a) they are micrometer-sized and persistent but still dynamic compartments; (b) they concentrate multivalent proteins and mRNA; and (c) they allow molecules to enter and exit rapidly.
Induction of RNP Granule Formation Shifts the Ratio of Tau Isoform Expression-
To determine whether the RBP granules affect tau expression, we produced clonal PC12 cell lines, which stably expressed PAGFP-G3BP1, PAGFP-IMP1, farnesylated PAGFP (fPAGFP), and 3ϫPAGFP. fPAGFP and 3ϫPAGFP were used as controls. We selected lines with comparable expression of the respective construct as judged by Western blot (Fig. 6A ). The level of exogenous G3BP1 expression was moderate ( Fig. 6B) , about 50% higher than endogenous G3BP1 (151.0 Ϯ 21.9 (S.E.), n ϭ 4; endogenous G3BP1 set as 100%). Interestingly, expression of G3BP1 or IMP1 led to a marked increase in the amount of HMW Tau isoforms, whereas the amount of LMW Tau isoforms was reduced (Fig. 6C ). Quantitation confirmed a 3-4-fold increased level of HMW Tau protein and a 3-4-fold decrease in LMW Tau protein (Fig. 6D) indicating that induction of RNP granule formation is associ- ated with an ϳ12-fold increase in HMW to LMW Tau protein. PC12 cells express three LMW Tau isoforms at ϳ55, 60, and 65 kDa (Fig. 6E, top) , respectively, corresponding to 4R Tau (containing exon 10) with or without exons 2 and 3 (Iso3, -5, and -2 according to Fig. 7A) (33) . To test whether various LMW Tau isoforms are differentially affected by RNP granule formation, we determined their ratio after Western blotting. In fact, we observed that the proportion of the 65-kDa species was higher in G3BP1-or IMP1-expressing cells compared with control cells (Fig. 6E) indicating that RNP granule formation not only shifts expression from LMW toward HMW Tau but also affects the relative amounts of LMW Tau isoforms. The proportion of the 55-kDa isoform was largely unchanged, whereas the 60-kDa isoform was decreased in G3BP1-and IMP1-expressing cells. This suggests that granule formation leads to an increased proportion of LMW Tau isoforms, which contain exon 3.
To analyze whether expression of G3BP1 or IMP1 also changes the ratio of HMW to LMW tau mRNA, we generated riboprobes for HMW or LMW tau mRNA, respectively (Fig.  7A) . The calculated size for all tau mRNA isoforms is between ϳ5.0 and 6.3 kb due to the long 3ЈUTR (ϳ3.8 kb (34)). Northern blotting revealed the presence of major bands at this size, thus confirming expression of full-length tau mRNA transcripts in the cells (Fig. 7B) . Quantitation of the respective bands showed an ϳ3.5-fold increased level of HMW tau mRNA and an ϳ1.5fold decreased level of LMW tau mRNA (Fig. 7C) , indicating that granule formation also induces a shift toward an increased ratio of HMW to LMW tau mRNA. Northern blotting revealed the presence of two fractions of LMW tau mRNA that responded to the presence of G3BP1 or IMP1 to a different extent (Fig. 7B, arrowheads) . This might indicate that the riboprobe for LMW tau is not completely specific because it contains sequences, which could also hybridize to HMW tau mRNA (Fig. 7A) . To consolidate the Northern blotting data, we also performed qRT-PCR experiments using a primer for an HMW tau-specific exon (exon 4A) and a primer across exon junctions 4 and 5 for LMW tau (Fig. 7A, bottom) . The qRT-PCR data confirmed an increased amount of HMW tau mRNA and a decreased LMW tau mRNA level as a consequence of G3BP1 or IMP1 expression (Fig. 7D) . The decrease in LMW tau mRNA was much more pronounced than detected by Northern blotting and reflected the decrease in LMW Tau protein considerably better, which is in line with a higher specificity of the quantitation of LMW tau mRNA by qRT-PCR. Based on the qRT-PCR results, induction of RNP granule formation was associated with a Ͼ30-fold increase in the ratio of HMW to LMW tau mRNA.
To determine whether LMW and HMW tau mRNA isoforms are present in granules, we performed combined FISH and immunofluorescence stainings using the same riboprobes, which had been used for the Northern blot analyses. We observed a clear concentration of some HMW tau mRNA in IMP1-induced RBP granules (Fig. 7E, top panel, arrowheads) . Localization of LMW tau mRNA in the granules was much less prominent, suggesting that HMW and LMW tau mRNA localize to granules to a different extent.
RNP Granule Formation Is Associated with Induction of Neurite Sprouting-It had been suggested previously that HMW Tau might increase neurite abundance and stability more than LMW Tau isoforms (35, 36) , which might reflect the need for greater physical stability of the axons of peripheral neurons compared with neurons from the central nervous system. Thus, neurons with different ratios of HMW to LMW Tau may have different capacities for modulating neuronal morphology and stability during development and maintenance. To determine whether RNP granule formation affects neurite formation and growth, we analyzed PC12 cell lines, which stably expressed G3BP1, IMP1, or 3ϫPAGFP for morphological changes in the presence or absence of NGF. We observed that G3BP1-expressing cells developed much longer processes after induction of neuronal differentiation with NGF ( Fig. 8A ). Quantitation revealed that expression of both G3BP1 and IMP1 led to the development of processes, which were ϳ3-fold as long as processes from 3ϫPAGFP-expressing cells (Fig. 8B) . Furthermore, cells that were cultured in the absence of NGF also showed significantly increased process induction (Fig. 8C) . To determine whether the morphogenetic effect was due to RNP granule formation, we tested the influence of G3BP1-N and G3BP1-C in similar experiments. As shown in Fig. 1C , both deletion constructs were deficient in inducing RBP granules. We did not observe increased process formation or growth of longer neurites with either of the two constructs (Fig. 8D ). Fur- thermore, in contrast to full-length G3BP1-or IMP1-expressing cells, we did not observe a major change in the ratio of HMW to LMW tau expression with both deletion constructs. Thus, the data suggest a morphoregulatory function of RNP granules that is associated with changes in the expression pattern of tau isoforms. However, it should be noted that the data do not exclude that RNP granules affect other factors that are associated with morphological differentiation, which then may influence tau isoform expression. It is also possible that additional factors are responsible for the induction of neuronal sprouting because it has previously been shown that IMP1 is involved in axonal localization of the mRNA of GAP43, which is known to induce neuronal sprouting (37) .
DISCUSSION
Most mammalian RNA-binding proteins are constitutively expressed and exhibit a relatively broad RNA-binding specificity. They may exert biological activity by organizing the formation of RNP granules through multimerization of protein-protein or protein-RNA interaction domains such as LC regions or KH domains (11) . Here, we have shown that full-length G3BP1 and IMP1 induce the formation of granules that fulfill all criteria for RNP granules as dynamic neuronal microcompartments and permit that molecules enter and exit rapidly. G3BP1 con-tains four LC regions and IMP1 harbors four KH domains, which can function as independent modules. In agreement with a requirement for multimerization for granule formation, we observed that G3BP1 deletion constructs, each containing only two LC regions, are unable to nucleate RNP granules or to alter tau expression. With respect to IMP1, the presence of the KH domains was sufficient to induce granule formation, which is in agreement with the previous observation that KH domains three and four are responsible for granule formation (30) . Thus, the results suggest that G3BP1 and IMP1 contribute to the organization of a supramolecular assembly of RNA and protein components, which then regulate mRNA stability and translation. This is supported by the finding that G3BP1 and IMP1 exert very similar activities on tau isoform expression and neuritogenesis despite having a different molecular organization. The data suggest that specificity for regulating the fate of individual mRNAs is not provided by the organizers of the granules but by a dynamic interaction and exchange of the RNA and protein components within and between granules.
RNP granules such as stress granules are thought to contain a pool of mRNAs that are stalled in the process of translation initiation causing decreased protein synthesis (5, 38) . Furthermore, KH domain-containing proteins might induce decay of specific mRNA species (10) . This is in agreement with our observation that the amount of LMW Tau isoforms is decreased after granule induction. However, it is remarkable that in our experiments RNP granule formation was associated with an increase in the amount of HMW Tau. The Northern blot and qRT-PCR data could suggest that HMW tau mRNA isoforms are stabilized by RNP granules, although LMW tau mRNA isoforms are destabilized causing the observed shift in the isoform ratio. Such a scenario would imply that mechanisms exist, which are able to distinguish between the different mRNA isoforms. It has previously been shown that some RNAbinding proteins, including G3BP1 and IMP1, interact with the 3ЈUTR of the tau mRNA (4). However, our Northern blot data indicate that all tau mRNA isoforms are present as full transcripts and contain the complete 3ЈUTR. Thus, LMW and HMW tau mRNA isoforms might fold in a different manner that changes the access of RNA-binding proteins to the 3ЈUTR or additional components exist, which selectively interact with the HMW tau mRNA-specific exons (e.g. exons 4A and 6) and mediate increased stability.
It is possible that RNP granule formation, regulation of tau expression, and microRNA-dependent silencing of target transcripts are related. miRNAs constitute a class of ϳ22-nt short noncoding RNAs that associate with Argonaute proteins to direct post-transcriptional gene silencing via base pairing (39) . In fact, several miRNAs have been implicated in the regulation of tau metabolism, mis-splicing of exon 10, and tau transcript stability (40 -42) suggesting that miRNAs could also play a role in shifting the ratio of HMW to LMW tau mRNA. Although the majority of Argonaute proteins and their associated miRNAs are distributed diffusely in the cytoplasm, they can accumulate in RNP granules (43) , thus providing a potential explanation how granule formation could affect miRNA-dependent tau transcript stability. An isoform-specific regulation of the amount of tau mRNA by miRNA-dependent silencing would require the presence of miRNAs, which bind to HMW tau mRNA-specific sequences, e.g. exons 4A or 6, or bind across LMW tau mRNA-specific exon junctions (exon 435 and exon 537) (see Fig. 7A ). Indeed, bioinformatic analysis identified 21 different putative miRNAs that bind to exon 4A or 6, and 32 that bind across exon 435 or 537 (see Table 1 ).
It should be noted that a major proportion of tau mRNA, in particular LMW tau mRNA, is not localized in RNP granules (see Fig. 7E ). This could suggest that quantitatively the location of tau mRNA is not important for the massive change in tau expression but that granule formation affects tau mRNA stability by other mechanisms. This could occur by sequestration of tau mRNA isoform-specific miRNAs (see above) or by adaptive effects on gene expression and translation, which might alter the Tau isoform profile.
Our data indicate that RNP granule formation, which can be driven by multivalent proteins such as G3BP1 or IMP1, changes the expression pattern of tau toward more active isoforms and induces neurite sprouting. Because increased formation of RNP granules has been found in many neurodegenerative diseases, including spontaneous cases of Alzheimer disease (11) , such a morphoregulatory effect could be generally relevant for disease progression. Massive somatodendritic sprouting and Tau immunoreactivity has been observed in Alzheimer disease (44) , and increased sprouting is a common feature of several neurological diseases (45) . Alzheimer and Parkinson disease are considered to be mainly diseases of the central nervous system, whereas HMW Tau isoforms are predominantly expressed in neurons of the peripheral nervous system. It should be noted, however, that involvement of the peripheral nervous system is common in many neurodegenerative proteinopathies, including synucleinopathies and tauopathies, and could be pathogenetically and diagnostically very relevant (46, 47) . Furthermore, it has recently been shown that dorsal root ganglion neurons of tau transgenic mice develop tau pathology similar to that found in the brain, and analysis of neurons from the peripheral nervous system might provide an important tool to study treatment options for tauopathies (48) . Thus, the study of RNAbinding proteins highlights novel pathways influencing the pathophysiology of neurodegenerative diseases by differential regulation of various tau isoform expression. Exon 4A HMW tau mRNA rno-miR-511-5p, rno-miR-216a-3p, rno-miR-326-5p, rno-miR-511-3p, rno-miR-431, rno-miR-874-3p, rno-miR-496-5p, rno-miR-145-3p, rno-miR-99b-3p, rno-miR-449c-3p, rno-miR-345-3p, rno-miR-1843-3p, rno-miR-3593-3p, rno-miR-193-3p, rno-miR-483-3p, rno-miR-1188-3p, rno-miR-17-1-3p, rno-miR-764-5p, rno-miR-326-3p, rno-miR-328a-3p
Exon 6 HMW tau mRNA rno-miR-758-5p
Across exons 435 LMW tau mRNA rno-miR-100-3p, rno-let-7e-3p, rno-miR-181a-1-3p, rno-miR-551b-5p, rno-miR-6320, rno-miR-127-3p, rno-let-7a-2-3p, rno-miR-879-3p, rno-miR-708-5p, rno-let-7c-1-3p, rno-miR-344i
Across exons 537 LMW tau mRNA rno-miR-129-2-3p, rno-miR-377-5p, rno-miR-129-1-3p, rno-miR-711, rno-miR-3102, rno-miR-3573-3p, rno-miR-451-3p, rno-miR-652-5p, rno-miR-326-3p, rno-miR-375-5p, rno-miR-150-5p, rno-miR-336-5p, rno-miR-3585-3p, rno-miR-3572, rno-miR-501-5p, rno-miR-188-5p, rno-miR-125b-2-3p, rno-miR-1249, rno-miR-505-3p, rno-miR-455-5p, rno-miR-25-3p
